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The question of whether repeated single seizures cause neuronal
death in the adult human brain is of great clinical importance
and might have broad therapeutic implications. Reviewed here are
recent studies on the effects of repeated single seizures (in the absence
of status epilepticus) on hippocampal volume and on neuronal death
markers in blood and in surgically ablated hippocampi.

Based on the work of Meldrum (1) and others, it has gen-
erally been accepted that status epilepticus, even in the absence
of systemic complications, causes neuronal death in vulnerable
brain regions. Whether this outcome also applies to repeated
single seizures (i.e., repetitive seizures that do not reach the
severity of status epilepticus in patients with epilepsy) has been
more controversial. Cavazos and collaborators (2) have used spe-
cial methods to demonstrate neuronal loss in the hilus of the
hippocampal dentate gyrus following a few kindled seizures.
Their findings have been broadly accepted, confirmed (3), and
extended by different techniques (4). If single seizures cause
damage to the human brain that is sufficiently widespread to
be of clinical significance, it raises questions that are difficult
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to answer: Which types of seizure put the brain at risk? Should
each patient with uncontrolled epilepsy have serial MRIs to de-
tect atrophy early? If a patient who is doing well clinically shows
hippocampal atrophy, should treatment be dictated by the clin-
ical picture or by the MRI? Should clinicians consider using
one agent to control seizures and a different agent to protect
the brain from their consequences? Until recently, however, re-
peated single seizures have not been shown to cause damage to
the human brain or to animal brains in models of spontaneous
recurrent seizures, which approximate human epilepsy much
more closely than kindling.

The question of whether damage occurs from repeated sin-
gle seizures has been reopened because of reports of progressive
hippocampal atrophy seen on MRI and detection of enzymes
usually associated with active cell death in surgically ablated hu-
man temporal lobes. In animals, a correlation between neuronal
densities in the hilus and the lifetime number of spontaneous
recurrent seizures has been reported (5). Fluoro-Jade positivity
of CAl (presumably, reflecting cell injury from spontaneous
seizures) observed 40 days after status epilepticus, was briefly
mentioned in an MRI study (5), and preliminary observations
support that finding (Wasterlain CG, Niquet J, Suchomelova
L, unpublished data, 2006). However, a systematic study of the
extent and mechanism of neuronal injury are not available. In
humans, several lines of evidence (e.g., biochemical markers,
MR, histology, immunocytochemical studies) raise the pos-
sibility that single seizures can cause neuronal death, but the
interpretation of that evidence is not always straightforward
and caution is highly recommended.

Indirect Markers of Neuronal Injury

One of the strongest pieces of evidence supporting seizure-
induced neuronal injury in the human brain is probably the pos-
tictal rise in the serum level of neuron-specific enolase (NSE)—a
marker of neuronal injury that is released from the brain af-
ter acute neurologic insults. However, changes in this marker
depend on seizure type and on the size of the anatomic struc-
tures involved. For instance, patients with tonic—clonic seizures
show NSE increases, whereas patients with single complex par-
tial seizures present variable alterations (6-8). As expected, in-
creases were very high in patients with complex partial status
epilepticus (9). The reliability of elevations of serum NSE as a
marker of neuronal injury is well established in animal mod-
els (10) and in human brain ischemia (11), but few studies
involving mild insults are available.
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Brain Imaging Studies

A growing number of MRI-based studies report progressive
hippocampal atrophy associated with uncontrolled temporal
lobe epilepsy (TLE) in the absence of known episodes of status
epilepticus. Some retrospective studies show a slow but signifi-
cant loss of volume of the hippocampus with increasing seizure
number (12,13) and increasing age (14,15); in addition, corre-
lations between cessation of seizures and arrest of hippocampal
atrophy have been demonstrated (13,16). Other studies show
a negative correlation between the duration of epilepsy and V-
acetyl-aspartate (NAA), a neuronal marker commonly used in
MRI studies (17). Additionally, T2 relaxation time, a marker
of gliosis, increases with seizure number and duration (18).
However, some studies failed to demonstrate such correlations
(19-21).

By its very nature, the finding of greater cortical atrophy
than that seen in age-matched controls provides only indirect
evidence of neuronal loss. Even a decline in the neuronal marker
NAA is not direct proof of neuronal loss, since the marker is
present in mitochondria and microsomes (22) and in rare cir-
cumstances, can change in the absence of cell death (23,24).
None of the studies excluded patients with a history of status
epilepticus or described seizure type. It is likely, however, that
the bulk of seizures would be complex partial in the populations
studied, because these are the most common kind of seizures
occurring in TLE. Overall, the evidence is compatible with
seizure-induced neuronal loss, but suggests that the amount of
neuronal death with each seizure may be very small, as signif-
icant atrophy was seen only after many years of uncontrolled

TLE.

Neuronal Counts

Mathern et al. (25) reported a negative correlation between
carefully obtained neuronal counts and the duration of epilepsy.
Although the occurrence of SE was not noted and the study was
retrospective, this result might support an association between

neuronal loss and uncontrolled single seizures.

Cell Death Markers in Surgical Samples

A number of studies report markers of active neuronal death
found in temporal lobes removed surgically for intractable TLE.
Most patients had no known history of status epilepticus or of
other active brain disease, although in many cases these factors
were not formally excluded. How certain is it that expression
of cell death markers in those brains reflects ongoing neuronal
death resulting from uncontrolled single seizures? The question
is not easy to answer since none of those markers are totally
specific for cell death, most reports involve a limited number
of samples from a single laboratory, and there is a large bias in
the literature favoring positive results.
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A Brief Overview of Cell Death Mechanisms

Many cells initiate apoptosis when a cell death receptor, typ-
ically located on the cell surface, is activated and sends a sig-
nal to the nucleus, triggering the expression of various genes.
In the extrinsic pathway, caspase-8 and eventually caspase-3
are then activated. In the intrinsic pathway, the eventual re-
sult is that an effector protein is sent to the mitochondria (e.g.,
to a pro-apoptotic member of the Bcl-2 family). Through a
complex mechanism, cytochrome c is released from the space
between the inner and outer mitochondrial membranes. In the
cytoplasm, cytochrome ¢ forms a complex with the apoptotic
protease-activating factor 1 (Apaf-1) and that complex recruits
procaspase-9, inducing its oligomerization and activation (26).
Caspases form a cascade of proteases that activate one other
in much the same way as occurs in the complement system.
Caspase activation often starts with one of the initiator cas-
pases (i.e., caspase-8 and caspase-9), which have long amino
terminal prodomains that can be self-cleaved on oligomeriza-
tion (27). These caspases then activate effector caspases via a
cascade that often ends with the activation of caspase-3, which
attacks structural proteins, activates DNA destruction, and in-
activates DNA repair. Through its multiple proteolytic effects,
caspase-3 is the main executioner of the cell. Caspases also may
have other functions and contribute to cell survival, prolifera-
tion, and differentiation (28).

While these processes undoubtedly are present in apopto-
sis, recent reports indicate that caspase activation often is seen
in cells with a necrotic morphology (29). Niquet et al. described
a form of necrosis that depends on the mitochondrial release of
cytochrome ¢ and leads to activation of caspase-9, followed by
activation of caspase-3 (30-32). Thus, this form of necrosis is
not passive but depends on activation of a mitochondrial cell
death program. The existence of this cell death pathway also
indicates that activation of caspases is not specific for apopto-
sis; there are multiple amplification feedback loops along those
pathways. Some cells, however, seem to induce apoptosis by a
caspase-independent pathway (33) in which apoptosis-inducing
factor (AIF), endonuclease G, and other proteins play an im-
portant role.

Caspases and Related Enzymes

The presence of immunoreactivity against the active form of
caspase-3 and against cleaved caspase-1 in temporal lobes re-
sected for intractable epilepsy, suggests active programmed cell
death (34-37). However, about 10% of neurons in the hip-
pocampus of epileptic patients with mesial temporal sclerosis
show fractin immunostaining, which is an indicator of caspase-3
activation (38). Seizures associated with TLE also trigger pro-
apoptotic—signaling pathways in the endoplasmic-reticulum—
containing microsomal fraction, such as activation of caspases
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6, 7, 8, and 9 (37,39). The nuclear localization of high lev-
els of caspase-activated DNase, as reported by Schindler et al.
(40), also supports the activation of caspase-dependent death
mechanisms.

Markers of Caspase-Independent Death Pathways

AIF, a flavoprotein of unknown physiological function (41),
like cytochrome ¢, is located between the inner and the outer
mitochondrial membranes and sometimes is released when mi-
tochondria are depolarized. It translocates to the nucleus (42)
where it breaks down chromatin into large fragments and par-
ticipates in caspase-independent neuronal death (43,44). AIF
has been involved in cell death induced by oxidative stress (45),
ischemia (46), and trauma (43). Results of preliminary studies
show prominent translocation of AIF after status epilepticus,
although its exact role has not yet been defined (Wasterlain
CG, Lopez-Meraz M-L, Niquet ], unpublished data, 20006).
High levels of AIF and of endonuclease G in surgical samples
support a caspase-independent apoptosis signaling in human
TLE. However, the fact that cells expressing cleaved caspase-3
do not express nuclear AIE suggests separate signaling pathways
in different neuronal populations (40).

Other Components of Cell Death Cascades

The most extensively studied cell death factors have been the
Bax-Bcl2 family of mitochondrial-interacting proteins (47).
These proteins are pro- or anti-apoptotic, depending on their
ability to promote or suppress cytochrome ¢ release. The balance
between pro-apoptotic factors, (e.g., Bid, the BH3-interacting
domain death agonist; Bim, the Bcl-2-interacting mediator of
cell death; or Bax, the Bcl-2-associated X protein) and anti-
apoptotic factors, such as Bcl-2, Bcl-x, and Bcl-w, determines
the fate of the cell (48). Hippocampi from patients with epilepsy
demonstrates increased expression of neuronal Bcl-2 and Bax
(34,38). However, despite increased Bax expression and activa-
tion of caspases, there is no clear evidence of DNA fragmen-
tation in neurons (38). Additionally, lowered Bim levels and
higher binding of Bim to Bcl-w were observed in specimens of
TLE patients (36), whereas Bad and Bid were not significantly
different from control samples (36,37). The low Bim levels
in the endoplasmic-reticulum—containing microsomal fraction
and binding of caspase-7 to the X-linked inhibitor of apoptosis
protein could be considered adaptive changes that counteract
apoptotic signals and reduce the vulnerability to further neu-
ronal loss (37). This interpretation is supported by the finding
that Bim expression was inversely correlated to the number of
maximal electroshock seizures in an animal model (36).

The presence of a high nuclear expression of cyclin B
(an enzyme specific for the G2 phase of the cell cycle) ac-
companied by neuronal cytoplasmic expression of the death-

79

related Bax protein in the hippocampus of patients with epilepsy
has been interpreted as evidence of cell cycle disturbances as-
sociated with an apoptotic mechanism of hippocampal neu-
ronal cell death in TLE (49). The analysis of other compo-
nents of the apoptotic cascade in the hippocampus of patients
with medically intractable TLE reveals an enhanced expres-
sion and phosphorylation of the death-associated protein ki-
nase (DAPK), a calcium/calmodulin-activated kinase, which
functions in apoptosis mediated by death receptors. DAPK and
DAPK-interacting protein 1 (DIP-1) are localized in mitochon-
dria in control tissue, whereas in epileptic hippocampus they
are found in cytoplasm and endoplasmic reticulum, a transloca-
tion usually associated with apoptotic death (50). In addition,
epilepsy samples display increased DAPK binding to calmod-
ulin, DIP-1, and the Fas-associated death domain protein (35).

Conclusions

There is an increasing amount of evidence that associates mark-
ers of neuronal death in blood and brain with a history of re-
peated single seizures; however, the evidence is still indirect and
retrospective. Detailed studies that reported seizure type and
seizure count in patients undergoing temporal lobectomy for
intractable epilepsy would permit precise correlations between
clinical seizure types and neuronal death mechanisms in specific
brain regions. These investigations also may offer novel targets
for anticonvulsant therapy aimed at reducing seizure-induced

damage and epileptogenesis.
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